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Abstract: This work presents a transpacific airliner designed for minimal climate impact, incorpo-
rating several novel design features. These include open rotor engines, sustainable aviation fuels,
natural laminar flow airfoils, and riblets. The design’s configuration and mission have been opti-
mised simultaneously using a combination of standard preliminary techniques, experimental data,
a multi-point mission analysis, and a model of average temperature response. It is demonstrated that,
on an 8000 km mission, the design offers an 89.8% reduction in average temperature response relative
to an Airbus A330-200, at the expense of a 7.3% increase in direct operating cost. The sensitivity of
these results is investigated by comparing the performance over a range of operating conditions. In
addition, several alternative designs incorporating only some of the above-mentioned features are
analysed, allowing for an assessment of their individual contribution. Finally, a life-cycle average
temperature response analysis is presented to place the climate impact of operation, manufacturing
and end-of-life procedures in context.

Keywords: average temperature response; direct operating cost; sustainable aircraft design; mission
optimisation; open rotor engines; riblets; natural laminar flow

1. Introduction

The aviation industry is under increasing pressure to reduce its contribution to global
warming. This is particularly challenging for long-range aircraft, which account for 44% of
aviation’s kerosene consumption [1], but for which battery-electric propulsion is unfeasible and
hydrogen propulsion is in its infancy. Hence, there is an urgent need for long-range aircraft
which can satisfy near-future environmental regulations, whilst still operating profitably.

The climate impact of an aircraft can be measured by its average temperature response
(ATR), which indicates the global mean surface temperature change associated with oper-
ating that aircraft over a given time frame. A number of studies have examined different
strategies for reducing the ATR of commercial transport aircraft. Ref. [2] considered modi-
fications to the operation of an Airbus A330-200 and demonstrated that, by flying at a 30%
lower cruise altitude and 8% lower cruise speed, a 42% reduction in ATR could be achieved
with only a 10% penalty in cash operating cost (COC). It was estimated that changes to the
airframe geometry could further increase the ATR reduction to 53%. Later, ref. [3] applied
a multi-objective optimisation procedure to a single-aisle, medium-range airliner, resulting
in a low-altitude, low-speed and low-sweep design with an ATR reduction potential of
45% relative to a baseline aircraft. Ref. [4] studied the potential of optimising mission
parameters and implementing climate impact mitigating technologies for reducing the
ATR of Boeing 737–800 derivatives. It was concluded that an initial ATR reduction of
10–35% could be achieved by optimising mission parameters alone, and by applying open
rotor engines, natural laminar flow (NLF) airfoils and synthetic kerosene, the reduction
could be increased to 45–75%. For a conceptual 150-passenger, short-haul airliner, ref. [5]
reports a 76.5% lower ATR footprint with a direct operating cost (DOC) increase of 12.8%
relative to a baseline aircraft. It was also shown that the economic profitability improved on
shorter routes for the same climate impact reduction. More recently, Ref. [6] compared the
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impact of synthetic aviation fuels (SAFs) and liquid hydrogen on aircraft ATR performance.
In this study, aircraft operating on liquid hydrogen realised an ATR reduction of 99% for a
70% increase in COC, whereas aircraft operating on SAFs realised a lower ATR reduction
of 86% for a 26% increase in COC. Finally, other studies have considered less orthodox
ATR-reducing measures, such as harvesting energy from wake vortices of adjacent aircraft
during formation flight. Such a measure could result in ATR reductions of up to 26% over
a span of 50 years [7].

This work adds to these studies by combining mission optimisation, clean-slate air-
frame design and novel technologies to produce a 250-passenger, long-range aircraft op-
timised for minimal ATR with a tolerable increase in DOC. To place its performance in
context, it is compared to a standard Airbus A330-200 powered by CF6-80E1 turbofan
engines. In the next section, the novel technologies considered in this work are introduced.
This is followed by a description of the design methodology and analysis tools, as well
as a sensitivity study on ATR and DOC as a function of varying mission parameters. Fi-
nally, the outcomes of a life-cycle climate impact analysis are presented, and the novel
technologies are ranked by their climate and cost effectiveness.

2. Novel Design Features

This section introduces the novel design features employed in the current aircraft
design, explains why they deserve consideration, and describes what has limited their
widespread application.

2.1. Open-Rotor Engines

Open rotor engines consist of a gas-generator core driving a single or two counter-
rotating, unducted fans for operation at high subsonic Mach numbers up to 0.8 [4]. Their
key design features include very high bypass ratios and low fan pressure ratios. These
result in high propulsive efficiencies, whilst avoiding the weight and drag penalties of large
nacelles. Ref. [8] reports fuel burn reduction potentials on the order of 25–30% compared to
current turbofan engines. Counter-rotating configurations tend to be more efficient due to
the cancellation of swirl losses. These also have a reduced fan diameter for a given thrust
requirement. This comes at the cost of increased noise levels, although studies like [9]
suggest that future advanced open rotor engines will meet ICAO Chapter 4 noise standards,
improving public acceptance. Promising approaches to mitigating the noise footprint of
counter-rotating designs include, amongst others: increasing the number of blades per
rotor and the inter-rotor spacing; using low-thickness, high-camber and high-aspect ratio
blades; and cropping the aft-rotor blade tips [10]. Moreover, current research into geared,
variable-pitch fans, such as for the Rolls-Royce UltraFan, should lead to increases in shaft
power transmission efficiency and lower blade loadings [11]. Finally, with the recent
announcement of the CFM RISE program [12], the development of commercial open rotor
engines has gained new momentum.

2.2. Synthetic Aviation Fuels

Synthetic aviation fuels (SAFs) have the potential to reduce the environmental impact
of aviation in the short term. Unlike hydrogen or liquefied natural gas, drop-in biofuels
require only moderate modifications to existing engine designs, and to the fuel production
and supply infrastructure [13]. The climate impact reduction potential of SAFs results
from the CO2-absorbing feedstock they are produced from, as well as their slightly dif-
ferent chemical composition, making them almost free of aromatics, sulfur and bound
nitrogen [14]. The latter leads to lower particulate emissions, reducing the likelihood of
contrail formation [13], although the slightly higher water content may negate this bene-
fit. The magnitude of the achievable gains depends on the type of feedstock, production
method and blend ratio with conventional fuel. Results also vary between studies [14–16].
Out of the five SAFs certified by the American Society for Testing and Materials (ASTM),
namely FTK/BTL, SIP, HEFA, ATJ-SPK and ATJ-SKA [14], Fischer-Tropsch kerosene (FTK)
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seems particularly advantageous due to its myriad of possible feedstocks. These include
municipal and agricultural waste, energy crops and algal biomass, which do not compete
with food production or promote deforestation [13]. It is also the only SAF produced at a
large commercial scale today by companies such as Shell, Sasol and Solena [17]. The most
optimistic studies anticipate a price equivalency of FTK with Jet A-1 as early as 2030, and a
market share of 73.4% by 2050 [18]. Currently, the ASTM D7566 standard imposes an upper
bound of 50% on the blend ratio of FTK with Jet A-1. Although this threshold will likely
be relaxed in the future [17], the current study still abides by this standard. According
to [19], this implies a fuel cost of 1.8 times the price of Jet A-1. However, assuming a carbon
capture efficiency of 85% [16], and that all non-CO2 emissions are indifferent between
FTK and Jet A-1 [20], this implies a 43% decrease in CO2 emission per kg of burnt fuel.
In addition, the calorific value of FTK (44.3 MJ kg−1) is marginally higher than that of Jet
A-1 (43 MJ kg−1), reducing the amount of emitted CO2 per unit of thrust [17].

2.3. Natural Laminar Flow Airfoils

Natural laminar flow airfoils are designed to provide an initially favourable pressure
gradient to improve boundary layer stability and delay the onset of transition. Their use
can potentially reduce fuel consumption by up up to 10–15% [21]. However, the use of
NLF airfoils can lead to higher operational costs due to their sensitivity to environmentally-
induced roughness, such as insect contamination. Significant contamination can lead to
premature transition, and a potential reduction of fuel savings by 45–60%. The effect of
environmentally-induced roughness can be mitigated through dedicated inspection and
cleaning procedures. These introduce extra costs, which depend on the time of year and
contamination rate. These costs must be balanced against the price of the fuel saved to
ensure a decrease in DOC [21]. Historically, the high operating speeds of commercial
airliners have deterred the mass adoption of NLF airfoils, which have a lower critical
Mach number than conventional airfoils. However, previous studies suggest that ATR is
optimised at lower-than-conventional cruise speeds, making NLF an attractive technology
for the current study.

2.4. Riblets

Even with the application of NLF technology, large parts of the airframe will still be
subjected to the increased drag of turbulent boundary layers. This can be partially mitigated
by the use of riblets. Riblets are micro-grooves aligned in the streamwise direction which
have been shown to reduce the turbulent skin-friction drag at full-scale conditions by up
to 5% [22,23]. In the past, traditional manufacturing and maintenance procedures meant
that riblets were not economically feasible for conventional aircraft. However, with the
advent of new manufacturing processes such as direct contactless microfabrication, these
costs have been steadily decreasing, thus reducing the negative impact on DOC [24,25].
Riblets are now reaching commercial maturity, as demonstrated by the recently proposed
application of a BASF co-developed riblet film to Lufthansa Cargo’s complete fleet of Boeing
777F freighters [26]. The resulting decrease in total drag is expected to be greater than 1%.
It is anticipated that applying riblets to a low-speed, low-ATR design is at least equally
effective, since riblet drag reduction is slightly improved at lower Reynolds numbers [22].

3. Methodology

An aircraft design incorporating all of the novel design features mentioned in Section 2
was established using the widely-known and well-accepted Roskam Class I-Class II iterative
design process [27]. The following sections describe this process in more detail, as well
as the methodology behind the aerodynamic and engine performance analysis, and the
climate impact and cost evaluation.
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3.1. Preliminary Sizing Process

The aircraft sizing process began with Roskam’s Class I method, in which the MTOW
followed from the fuel fraction method, the maximum load factor was obtained by con-
structing a flight envelope, and the maximum take-off power and wing surface area were
selected from a power-loading and wing-loading diagram, constrained using FAR and
CS-25 regulations [27].

The results of the Class I method then served as inputs for Roskam’s Class II method,
which was used to improve the accuracy of the OEW estimate by means of system-level
sizing relations. To obtain a final OEW estimate, the Class II OEW was fed back into the
Class I sizing routine, closing the iterative loop. The final OEW was determined once the
relative difference between the Class I and II estimates was found to be less than 1%.

The Class II sizing method facilitated the construction of a centre-of-gravity-excursion
plot, based on which the empennage sizing was performed. By creating a scissor plot,
the longitudinal location and surface area of the horizontal tail were minimised. The ver-
tical tail was instead sized for the one-engine-inoperative condition using Torenbeek’s
method [28]. Following this, the control surfaces were sized to ensure that the design met
CS-25 requirements pertaining to the dynamic eigenmodes.

The remainder of the sizing process was concerned with the fuselage and propulsion
system, including the fuel tanks, cabin interior, landing gear, and internal systems. Each
of these systems was sized using the methodologies proposed by Roskam [27]. At each
stage in the design process, checks were made to ensure that the aircraft adhered to the key
design requirements listed in Appendix A.

3.2. Direct Operating Cost Evaluation

The Roskam cost model for commercial airliners was used to estimate the DOC of the
current design [29]. This method divides the DOC into in-flight costs, DOC f lt (crew, fuel,
oil and insurance), maintenance costs, DODmaint (labour and material costs), depreciation,
DOCdepr, fees, DOClnr (landing, navigation and registry fees) and financing, DOC f in:

DOC = DOC f lt + DOCmaint + DOCdepr + DOClnr + DOC f in. (1)

For consistency, the majority of the cost data was adopted from [29], with the exception
of the fuel costs, since the price ratio of SAFs to Jet A-1 has plummeted since the publication
of [29] (see Section 2).

To ensure that the design is economically viable, an estimate was made of the maximum
increase in DOC which can be tolerated by the market. Historical data suggests a 5–10% profit
margin in the aviation industry [30] with an initial cost pass-on rate of 50–60% [31]. Assuming a
demand elasticity of−1.15% [32], a DOC increase of 15% would lead to a 17.2% reduction in
passenger demand for a 100% pass-on rate, or a 10.3% reduction for a 60% pass-on rate. The
latter figure is in line with historical examples, which show that airlines can handle demand
drops of around 10% [31]. The aviation industry has maintained a consistent 5.3% growth rate
per annum, especially with the recent increase in air flight participation from less economically-
developed nations [30]. Given these predictions, a 10% reduction in demand would be negated
within 3 years, even in the absence of intergovernmental initiatives or decreases in carbon tax
credit expenditures [33]. Thus, for the current design it is assumed that DOC increases of up to
15% are bearable.

3.3. Open-Rotor Engine Model

The largest proportion of an aircraft’s life-cycle climate impact is incurred during
its operating life, primarily by its propulsion system. This raises the need for a detailed
engine cycle model to accurately determine the thrust-specific fuel consumption (TSFC)
and combustor inlet temperature (T3) and pressure (p3) during each mission segment.
For this purpose, the variable-bypass-ratio engine model in [20] was used. It has a modular
structure, which allows the engine core to be augmented with different bypass models
for the open rotor configuration of the current aircraft design, as well as for the CF6-80E1



Aerospace 2022, 9, 436 5 of 24

turbofan engines of the A330-200. Ref. [20] contains a schematic of the model stations,
which are identical for both engine types, except for the gearbox, which is only employed
by the open rotor configuration to limit the blade tip speed. The open rotor component
efficiencies assume 2010 technology levels, whereas the CF6-80E1 model is based on
publicly available real-engine data.

For the engine core analysis, a one-dimensional, steady, perfect gas flow at every cycle
station was assumed. Furthermore, the diffusers and nozzles were taken to be adiabatic,
and component polytropic efficiencies were assumed to be constant. The gas properties
were taken to be constant too, but with different values up- and downstream of the com-
bustor, and installation losses were modelled as thrust penalties [20]. The mathematical
framework, which is based on a power and momentum balance across components, is
outlined in [34]. The engine was sized for the critical one-engine-inoperative (OEI) climb-
out condition using a “rubber engine sizing” approach, where a design mass flow rate
(ṁ0,des) and fan diameter (Dfan) were initially assumed and iteratively corrected until the
installed thrust satisfied the critical take-off thrust requirement. Other user inputs include
the bypass ratio (BPR), the overall pressure ratio (OPR), and the turbine inlet temperature
(TET). For off-design operation (different Mach number, altitude and throttle setting),
all component efficiencies were assumed to equal their design point values, and that the
maximum thrust is limited by the design point TET and OPR, as well as by the design disk
power loading, Pf an/A f an, in the case of the open rotor engines [20].

The counter-rotating, open rotor bypass model is based on the principle of super-
position of the velocity fields produced by the two rotors. It assumes a constant density
and blade efficiency within each rotor plane, and that the tangential velocity component
induced by the front rotor is fully cancelled by the rear rotor. The dimensionless axial and
tangential velocities induced by each rotor in its own rotational plane, at a distance r from
the axis of rotation, are denoted as ai(r) = ua,i/V0 and a′i(r) = ut,i/(Ω1r), respectively. It
was assumed that each rotor also induces an axial and tangential velocity on the other
rotor, denoted as aj(i, r) and a′j(i, r), respectively. Equation (2) defines the dimensionless
velocities for each rotor (i = 1 corresponds to the front rotor, i = 2 to the aft rotor), as well
as explicit expressions for ai and a′i based on general momentum theory [35], where xi is
the dimensionless radial coordinate:

i = 1

{
a′i = a′1
a′j = 0 , i = 2

{
a′i = a′2
a′j = −2a′1

, xi =
Ωir
V0

, (2)

ai =
x2

i η(1− η)

1 + x2
i η2

, a′i =
1− η

1 + x2
i η2

.

The Prandtl loss function (κi) quantifies the momentum loss due to radial swirl at
the blade tips of the ith rotor, and is related to the local flow angle (φi,r=R). Moreover,
the circulation (Γi) induced within the ith rotor plane is defined below [35]:

κi =
2
π

cos−1

(
exp

[
−B
(
1− r

R
)

2 sin φi,r=R

])
, tan φi =

V0(1 + ai)

Ωr
(
1− a′i

) , (3)

Γi =
4πV0

2ai(1 + a1 + a2)

BΩ1(
Ωi
Ω1
− ai

′ − aj
′)

.

The net propulsive force due to the ith rotor can be decomposed into an axial thrust
component per unit radius (F′i ) and a tangential torque component per unit radius (Q′i):

F′i = 4πrρV2
0 ai(1 + a1 + a2)κi − BεiρΓiV0(1 + a1 + a2),

Q′i = 4πr2ρV0Ω1r(1 + a1 + a2)a′iκi + BεiρΓiΩ1r2
(

Ωi
Ω1
− a′i − a′j

)
.

(4)
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The specific bypass thrust (Fdual/ṁdual) and the specific bypass power (Pdual/ṁdual)
equal:

Fdual
ṁdual

=

∫ R
ξR

(
F′1+F′2

ρ

)
dr∫ R

ξR 2πrV0(1 + a1 + a2)dr
,

Pdual
ṁdual

=

∫ R
ξR

(
Ω1Q′1+Ω2Q′2

ρ

)
dr∫ R

ξR 2πrV0(1 + a1 + a2)dr
. (5)

The total installed thrust (Tinst) of the engine core and the counter-rotating fans, and the
TSFC, follow from:

Tinst =
F

ṁ0ηinst

(
Fdual
ṁdual

α

α + 1
+

Tcore

ṁ0

)
, TSFC =

ṁ f

Tinst
. (6)

Finally, the engine dimensions, dry weight and nacelle parasitic drag were estimated
by means of semi-empirical relations comprehensively outlined in [20].

3.4. Aerodynamic Model

A modular aerodynamic model was used to analyse the aerodynamic performance of
the novel design features. The total drag of each major aircraft component was estimated
using their respective coefficient of skin friction, form factor, interference factor, wetted
surface area, and laminar-to-turbulent fraction ( f ). The model was based on the Class II
approach of Raymer [36], with the modifications to account for the use of riblets, open rotor
engines, and NLF airfoils described in the following.

3.4.1. Modifications for Riblets

The drag reduction (DR) as a result of using riblet technology depends on two
Reynolds numbers; the first of these is the Reynolds number based on the riblet us size,
`+g = `g/δv, where `g is the square root of the cross-sectional area of the riblet groove
and δv is the viscous length scale, that is the smallest size of turbulent eddies in the flow.
The second is the friction Reynolds number, Reτ = δ/δv, where δ is the local boundary layer
thickness. The dependency on Reτ can be embedded into the skin-friction coefficient of the
equivalent smooth wall (C f ,s) by introducing the Hama roughness function (∆U+) [22],

DR ≈ −∆U+
√

2C f ,s, C f ,s = (2log10Rex − 0.65)−2.3, (7)

where Rex is the local boundary layer Reynolds number. The Hama roughness function is
a measure of the momentum deficit induced by the riblets, relative to the baseline smooth
wall, and is fairly independent of the Reynolds number. Negative values of ∆U+ indicate a
drag reduction and positive values indicate a drag increase.

Previous studies on DR as a function of `+g at Reτ = 17, 000 (typical of an aircraft
wing) suggest that riblets are most effective at `+g ≈ 11, corresponding to ∆U+ ≈ −1 [37].
Under these conditions, a 4.5% reduction in skin-friction drag is anticipated [37]. For the
current study, the riblet-induced drag reduction was computed assuming the use of trape-
zoidal riblets, which provide ∆U+ ≈ −1. The DR was estimated using (7).

To account for spatial restrictions imposed by, for example, maintenance and connec-
tion joints, it was assumed that the riblet coverage would be limited to 70% of the wetted
turbulent surface area. Consequently, the computation of the equivalent coefficient of
skin-friction was divided into three components, corresponding to regions with laminar
boundary layers and regions with turbulent boundary layers with and without riblets.
The modified value for the total skin-friction coefficient was computed using:

C f ,e = C f ,lam × f +
(

C f ,turb ×
(

1− DR
100

)
× 0.7 + C f ,turb × 0.3

)
× (1− f ). (8)



Aerospace 2022, 9, 436 7 of 24

3.4.2. Modifications for Open-Rotor Engines

In the wake of an open rotor engine in tractor configuration, components experience a
drag increase known as scrubbing drag. As proposed in [38], this was modelled using an
increased dynamic pressure (qscrub). Correspondingly, the nacelle skin-friction drag was
computed using:

qscrub =
1
2

ρ(V∞ + ∆V)2, CD,0,nacelle =
1

Sre f
× FF× C f × Swet ×

qscrub
q∞

. (9)

The area of the upper wing surface affected by scrubbing was assumed to equal the
product of the wing chord length at the installation location of the open rotor engine
(cscrub) and the diameter of the rotor blade. The area of the lower wing surface affected
by scrubbing was assumed to equal the product of cscrub and the difference between the
diameter of the rotor blade and the diameter of the nacelle. The modified treatment
of the lower wing surface was to account for the attachment of the propulsion system.
Consequently, the total scrubbed area (Ascrub) was defined as the sum of the upper and
lower scrubbed areas. The corresponding drag increase due to the interference of the rotor
wake was computed using:

∆CD,0,wing =
1

Sre f

(
(∆q− 1)× Ascrub × C f

)
× 1.3. (10)

In both (9) and (10), the laminar-to-turbulent boundary layer fraction was taken as 0%,
since these regions are entirely immersed in the open rotor engine’s turbulent wake.

3.4.3. Modifications for NLF Airfoils

The effect of using an NLF airfoil was accounted for by modifying the laminar-to-
turbulent boundary layer fraction in the Class II drag model. For conventional swept
wings, a value of 10% is typically considered a valid assumption [36]. Previous research
by NASA’s Dryden Flight Research Centre, however, showed the potential for the flow
over a 30 deg swept wing at a Reynolds number of 30 million to remain 60% laminar
in cruise [39]. For the current aircraft design, the portion of the wing behind the open
rotor engine was assumed to be 100% turbulent. For the remaining unscrubbed portion
of the wing, the NASA Dryden estimate of a 60% laminar-to-turbulent fraction was used.
Although the current design operates at a higher Reynolds number of 60 million, it also
has zero wing sweep, which minimises the cross-flow instability transition mechanism.
The total turbulent wing surface area was therefore computed as the sum of Ascrub and 40%
of the unscrubbed wing surface area. This lead to an estimate of 40% for the portion of the
wing area which is laminar at cruise.

3.5. Aircraft Climate Impact Evaluation

Ref. [20] summarises common metrics adopted by researchers to quantify the effects
of anthropogenic climate change and uses these to derive desirable properties of a metric
for comparing different aircraft designs. Firstly, an appropriate metric should measure a
tangible physical quantity, which is understood by researchers and non-experts alike, such
as global temperature change. Secondly, it should account for changes in aircraft (fleet)
operations over time, such as varying fleet size and utilisation. Thirdly, time-integrated
metrics are less sensitive to short-term atmospheric perturbations than snapshot metrics,
and thus preferred. Finally, it should account for short-lived and long-lived climate impacts
alike, such as the decay rates of different climate agents, by applying temporal weighting.

Based on the aforementioned criteria, the average temperature response was chosen
for the current analysis. It is expressed in units of temperature for a given time horizon (H),
here chosen to be 100 years to account for both short- and long-lived climate impacts [3].
The ATR is a function of ∆T(t), the global mean surface temperature change:
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ATRH =
1
H

∫ H

0
∆T(t)dt, ∆T(t) =

∫ t

t0

GT
(
t− t′

)
· RF∗

(
t′
)
dt′. (11)

∆T(t) itself comprises the climate impulse response function (GT(t)) and the normalised
radiative forcing (RF∗). Several climate impulse response functions, GT(t) = ∑j αje

−τjt,
with αiτj being the equilibrium response of mode j, have been developed by fitting results
from more comprehensive climate models [40]. The coefficients, αi and τi, of the single-mode
response function GT(t) used herein were adopted from [41], resulting in:

GT(t) =
2.246
36.8

e−t/36.8, RF∗(t) =
all species

∑
i

[
E f fi ·

RFi(t)
RF2×CO2

]
. (12)

In the above, RF∗(t) represents the sum of radiative forcings of all species, each mul-
tiplied by their respective efficacy (E f f ), and normalised by the value that would result
from doubling the atmospheric CO2 concentration (RF2×CO2 = 3.7 W m−2) [3]. E f f is a
dimensionless parameter comparing the surface temperature change from equal forcings
of species i and CO2 (the efficacy of CO2 is by definition equal to one). Refs. [3,20] derive
RFi for the species i = CO2, CH4, O3l, O3s, H2O, SO4, soot and contrails using a linearised
temperature response model. To validate the model’s implementation, the analysis con-
ducted in [3] for a constant number of ATR-optimised aircraft (Scenario 1, Section B) was
reproduced. The results are shown compared to data from [3] in Figure 1. The curves of
cumulative ATR demonstrate a good level of agreement, with the error increase shown for
the lower abscissa range resulting from the small ordinate values.
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Figure 1. Verification of climate impact model (dashed grey reference data from [3]).

3.5.1. ATR Evaluation for a Specific Design

Since ATR depends on both the quantity and location of released emissions, a future
emission scenario was constructed based on the design’s utilisation rate (U(t), measured in
flights per year), and the design’s emissions (ei, the quantity of species i released per flight).
In particular, ei = ∑mission EIi,jWfuel ,j was derived by assuming a piecewise constant
emission index (EIi,j) and fuel consumption (W f uel,j) during the jth mission segment.
The annual emissions of species i follow from Ei(t) = eiU(t), showing that savings can be
achieved by reductions in either fuel burn (quantity) or emissions index, the latter being
a function of altitude [20]. The fuel consumption during the jth mission segment was
determined using the engine model outlined previously. The emissions index was derived
from the mass of emitted species per unit mass of fuel. The EI’s of CO2, H2O, SO4, and soot
are a function of the fuel composition only and thus treated as constants [20], whereas
EINOx was assumed to vary with the operating condition. Finally, it was assumed that the
emission rates remain constant throughout the airliner’s design life of 35 years, after which
they drop to zero.



Aerospace 2022, 9, 436 9 of 24

3.5.2. Limitations of the Climate Impact Model

The current climate impact model can capture the variation in RF with altitude for a
selection of emission agents at a low computational cost. The model’s parameters are cali-
brated to the results of sophisticated global climate models such as described in [40], thus
accurately quantifying the global mean response to radiative emissions. Although the RF
due to long-lived species like CO2 is independent of emissions’ location, short-lived species
like O3 remain concentrated near flight routes, causing temperature response fluctuations
between regions. Therefore, the current model may overestimate the temperature increase
in less air-traffic-dense regions, and vice versa. Besides regional variations, the model also
does not account for temporal fluctuations in RF due to contrails, whose sign varies both
seasonally and diurnally [20]. Given the significant uncertainty about the climate impact
of contrail-induced cirrus clouds, the current model only considers the effect of linear
contrails [3], thus providing a lower bound on the climate effect of contrails. Moreover,
any coupling between species is ignored, such as between NOx and SOx through OH [42].
Finally, certain model parameters are snap-shots in time and will be underestimated in
the future, an example being the CO2 background concentration of 380 ppmv. In conclu-
sion, whilst the accuracy of the current climate model may be limited in absolute terms,
differences in climate impact reduction potential between technologies, as well as between
aircraft operated on the same route, are well captured.

4. Results and Discussion

This section begins by highlighting the differences between the two aircraft considered
in this work, as well as motivating the design choices which led to the current airframe
design. However, the focus lies on studying the sensitivity of ATR and DOC to cruise
altitude and Mach number, and comparing the findings with data from the literature.
Finally, an assessment is made of the climate- and cost-effectiveness of different novel
technology combinations, and of the aircraft throughout its entire life cycle.

4.1. Comparison of Aircraft Configurations

Figure 2 contrasts the main airframe dimensions of the current design and the A330-200.
As summarised in Table 1, notable characteristics of the former include a zero quarter-chord
sweep (Λ c

4
) and high-aspect-ratio (AR) wing using a NACA 63(3)-418 NLF airfoil. The

choice of airfoil was made using a trade-off between the NASA NLF-series, and the NACA
6- and 7-series airfoils, which considered Cd at the design Cl , the boundary layer transition
point, Cm, Cl,max, the critical Mach number, and the stall characteristics.
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Figure 2. Airframe dimensions of current design and A330-200.
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Table 1. Airframe design parameters (A330-200 data from [2]).

Aircraft MTOW (N) OEW (N) Npax (-) AR (-) Λ c
4

(deg)
Current design 1788 · 103 889 · 103 250 11 0

A330-200 2256 · 103 1179 · 103 253 9.26 29.7

The decision to adopt a zero-sweep wing stems from the motivation for the chosen
cruise Mach number. It was purposefully set to Mach 0.63, just below the critical Mach
number of the NACA 63(3)-418 airfoil to prevent the formation of shock waves, which
would trigger a transition to turbulence in the boundary layer aft of the shock. Although it
is possible to increase the critical Mach number by introducing wing sweep, it was decided
not to do so to minimise crossflow instabilities, resulting in premature boundary layer
transition. Conversely, the A330-200 employs a Λ c

4
of 29.7 deg to raise the critical Mach

number, and a lower AR to reduce the parasitic drag.
Unlike the current design, today’s airliners such as the A330-200 are not limited by the

critical Mach number. In fact, they frequently fly faster than the critical Mach number to reduce
DOC, and are instead limited by either the drag divergence Mach number or the buffet Mach
number. The buffet Mach number is defined as the freestream Mach number such that the
local Mach number at the point of minimum Cp along the airfoil is 1.2 [43], whereas the drag
divergence Mach number is computed using the Korn Equation [44]. Figure 3 displays the
zero-lift drag coefficient as a function of Mach number for both the current design’s airfoil and a
supercritical airfoil, which resembles those used by aircraft similar to the A330-200. The critical,
buffet, and drag divergence Mach numbers are also highlighted.

Figure 3 provides further motivation for setting the cruise Mach number to 0.63, since
it is the Mach number which minimises the zero-lift drag coefficient. The motivation to
adopt an NLF airfoil rather than a supercritical one is also justified since, for lower speeds,
the zero-lift drag coefficient is approximately 20% lower.
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Figure 3. Drag behaviour of the current design’s NACA 63(3)-418 NLF airfoil and the NASA SC(2)-
0414 supercritical airfoil used to model the A330-200.

In its most dense cabin layout, the A330-200 can carry up to 406 passengers [45], how-
ever, in this study a three-class configuration with 253 seats [2] was chosen to improve the
comparability with the current design. Consequently, the A330-200 operates significantly
below its load-carrying capability, as visualised by the payload-range diagram in Figure 4.
This is acceptable insofar as the aim of this work is to quantify the climate impact mitigation
potential of a clean-slate aircraft design carrying 250 passengers relative to an existing
airliner on the same route. It should be mentioned that unlike the A330-200, the current
design’s ferry range is not constrained by the maximum fuel tank volume. This is due its
larger wing span, zero sweep, thicker airfoil (see Figure 3) and reduced fuel burn. Both
graphs were generated with SUAVE’s payload_range() function, which, in the case of
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the A330-200, agrees well with the “Aircraft Characteristics—Airport and Maintenance
Planning” manual [46].

0 2000 4000 6000 8000 10,000 12,000 14,000 16,000
Range (km)

0

10,000

20,000

30,000

40,000
Pa

yl
oa

d 
(k

g)
A330-200
Current design
Operating point

Figure 4. Payload-range diagram of current design and A330-200.

Table 2 compares the performance of the counter-rotating open rotor engines and the
CF6-80E1 turbofan engines. With reference to Figure 2, the open rotor engines are installed
in tractor configuration due to concerns about noise and blade loading at high angles of
attack [38]. The open rotor architecture results in a significantly higher bypass ratio (BPR)
and warrants a larger fan diameter (D f an) to limit the disk power loading. For modern
turbofan standards, a moderate overall pressure ratio (OPR) was chosen to limit the
production of thermal NOx, with adverse effects on cycle efficiency [3]. As mentioned in
Section 3, the open rotor engine length (Ltot) and dry weight (Wdry) were derived from
semi-empirical relations in [20], which produced values similar to those of the CF6-80E1.
In both cases, the sea-level static thrust (Tst,sl) is driven by certification requirements for
one-engine-inoperative climb-out.

Table 2. Engine design parameters (CF6-80E1 data from [47]).

Engine BPR (-) OPR (-) Tst,sl (N) D f an (m) Ltot (m) Wdry (kg)
Open rotor 30 30 259 · 103 5.3 3.79 5334
CF6-80E1 5.3 32.6 310 · 103 2.9 4.17 5091.62

4.2. Comparison of Mission Profiles

The performance of the two aircraft is compared on the transpacific route Tokyo-
Vancouver (about 8000 km). The chosen route is congruent with the presumption that
future long-range airliners will aim to maximise energy per revenue passenger kilometre
rather than range, since the latter results in a higher unused capacity on average, as seen
for the A330-200 in Figure 4. The graphs of altitude and Mach number as a function of
the flight time, shown in Figure 5, were obtained from SUAVE, a conceptual-level aircraft
design tool [48]. The throttle setting was treated as an output parameter, determining the
fuel mass flow rate, which in turn served as an input for the engine model presented in
Section 3. Mission design constraints included a maximum block time of 16 h, and a fuel
margin accounting for a 200 nm diversion segment, as well as a 30 min loiter phase at
1500 ft altitude [28]. As suggested previously, the current design’s cruise Mach number
was set to 0.63; just below the NLF airfoil’s critical Mach number. In contrast, the A300-200
operates at Mach 0.82. The cruise altitudes are also dissimilar; 5000 m for the current design
and 11,250 m for the A300-200.
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Figure 5. Reference mission profiles of current design and A330-200 modelled in SUAVE.

A summary of mission and aircraft performance data for the trajectories displayed in
Figure 5 is provided in Table 3, where x denotes the time-average of quantity x. The lower
cruise Mach number increases the block time of the current design, whereas the lower
mass of burnt fuel (m f uel) is a direct consequence of the reduced TSFC, as well as the
drag-optimised airframe design. Due to the absence of a nacelle, the open rotor engines
achieve higher overall efficiency (ηtot) than the turbofan engines.

Table 3. Performance data of current design and A330-200 for reference mission.

Parameter tb (hours) Ma (-) h (m) m f uel (kg) TSFC ( g
kNs ) ηtot (%)

Current design 11.41 0.61 4667 37,403 11.85 39.2
A330-200 9.73 0.77 9946 59,117 17.27 32.3

Relative change +17.3% −20.8% −53.1% −36.7% −31.4% +21.4%

4.3. Comparison of ATR Spectra

Figure 6 compares the contributions of various climate agents to the total ATR per
km for the design-point configuration and mission profile described above. Results are
shown for a single aircraft operating for 35 years and 12.49 average daily airborne hours,
corresponding to 400 annual flights. Most notably, O3l, CH4 and SO4 have a cooling ef-
fect, whereas CO2, H2O, O3s and soot have a warming effect, and the total ATR peaks
slightly after the end of the operating lifetime (35 years). The shape of the solid black line
is governed by the relative magnitude of the two dominant emission agents, namely O3s
and CH4, which, together with O3l, constitute the solid olive-green curve. In comparison,
the ATR contribution of CO2 is driven by the overall fuel burn, where the lower carbon
footprint of the FTK fraction increases the ATRCO2 reduction (−63.9%) relative to the m f uel
reduction (−36.7%) reported in Table 3. A similar behaviour is observed for the contri-
butions of H2O, SO4 and soot. Finally, for similar core exhaust temperatures, the higher
cruise altitude of the A330-200 increases the likelihood of contrail formation according to
the Schmidt-Appleman criterion [3]. However, if the uncertain effects of contrail-induced
cirrus clouds are neglected, the ATR contribution of contrails in Figure 6 is very small.
The remainder of this chapter shall only be concerned with the single-valued total ATR
after 100 years.
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Figure 6. Evolution of ATR footprint per climate agent for current design and A330-200 on their
respective reference mission.

4.4. Performance Sensitivity to Mission Parameters

This section explores the sensitivity of ATR and DOC to variations in cruise Mach
number and altitude. To limit the computational cost, it was first assumed that the full
mission is performed in cruise. After having determined the optimum combination of
cruise Mach number and altitude, more accurate values of ATR and DOC were then
computed for the mission profiles presented in Figure 5. A range of Mach numbers from 0.4
to 0.9 was considered, where the lower bound was constrained by the maximum allowable
block time, and the upper bound was set by the drag divergence Mach number of the
A330-200 displayed in Figure 3. Due to a lack of aviation NOx emissions data at lower
altitudes, and the significant NOx forcing levels at higher altitudes, an altitude range from
5000 m to 9000 m was considered. Note that O3 production due to aircraft NOx emissions
only occurs above 5 km, whereas aviation-induced O3 below 5 km is due to advection from
higher altitudes [49].

The drag and thrust-specific fuel consumption contribute to ATR and DOC via the
burnt fuel mass, m f uel = TSFC · Drag · Range/(M · a). The drag (Drel) in Figure 7 is
expressed relative to the A330-200 operating at Mach 0.82 and 11,250 m altitude. In
Figure 7a, a moderate increase in parasitic drag is observed at the critical Mach number
of 0.64, whereas the penalty from exceeding the divergence Mach number of 0.83 is more
substantial. At 5000 m altitude, the maximum Cl/Cd is achieved at Mach 0.46, and varies
with altitude along the contour lines. The induced drag rise in the upper left corner results
from the higher angle of attack required to balance the lower air density. Analogously,
Figure 7b displays the relative drag variation for the A330-200, where the critical Mach
number equals 0.79, the divergence Mach number is 0.9, and the maximum Cl/Cd at
5000 m occurs at Mach 0.6. Due to the non-zero quarter-chord sweep and supercritical
airfoil, the drag rise at low Mach numbers and high altitudes is more substantial. It is thus
concluded that the current design with zero sweep, an NLF airfoil and riblets, is better
suited for operation at low Mach numbers and altitudes than the A330-200.
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Figure 7. Drag variation with cruise Mach number and altitude (relative to A330-200 at Mach 0.82
and 11,250 m).

The relative TSFC in Figure 8a is largest at high Mach numbers and low altitudes,
where Pf an/A f an exceeds its design value and the blade tips suffer from major shock losses.
Under these operating conditions, TSFCrel is similar to the CF6-80E1 engines. At higher
altitudes, where the ambient air density is lower, the disk power loading and TSFC reduce
concomitantly, as does the thrust. Below Mach 0.65, TSFCrel is almost invariant with
altitude and Mach number. Analogously, the TSFCrel of the CF6-80E1 turbofan engines
increases with both altitude and Mach number, and approaches unity towards the design
point in the upper right corner. This would suggest that the A330-200 should operate at a
lower Mach number and altitude, however, Figure 9b reveals that the higher drag at lower
Mach numbers and altitudes, combined with longer flight times, would increase the overall
fuel consumption. In fact, the A330-200 and similar airliners are purposefully designed
for high Mach numbers and high altitudes to maximise unit range, defined as the distance
flown per unit quantity of fuel.
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Figure 8. Variation of TSFC with Mach number and altitude (relative to A330-200 at Mach 0.82 and
11,250 m).
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Figure 9. Variation of burnt fuel mass with Mach number and altitude (relative to A330-200 at Mach
0.82 and 11,250 m).

As mentioned previously, the sensitivity study on ATR and DOC shown in Figure 10
only encompasses the cruise phase, however, Section 4.6 will prove that the incurred loss
in accuracy is small. Figure 10a suggests that the current design performs best with regards
to ATR at low altitudes and intermediate Mach numbers (0.6–0.7), which agrees with
the envisioned operating regime of open rotor engines, ranging between turboprops and
turbofans. Drag divergence effects and open rotor performance limitations incur a steep
ATR rise above Mach 0.83, whereas the rise at low Mach numbers and high altitudes is
more gentle. To summarise, the general trend is that the altitude dependency of NOx-based
O3s and contrails leads to an ATR rise with altitude at any Mach number.

The relative DOC in Figure 10b is dominated by time-dependent costs, including air
navigation charges, and crew, fuel and oil costs. Hence its reduction with Mach number
up to drag divergence. In contrast, DOCrel is almost invariant with altitude, except at very
low and very high Mach numbers, where either the induced or parasitic drag component
degrades the economic profitability. Moreover, a trade-off exists between a higher drag
at low altitudes and a higher ground speed for the same Mach number, the overall effect
being a reduction in time-dependent costs.

An “optimum” operating point was selected under constraints of maintaining 40%
laminar flow (prohibiting operation above the critical Mach number) and of restricting
operation to altitudes predictable by the climate model (above 5000 m [49]). For the result-
ing cruise Mach number of 0.63 and cruise altitude of 5000 m, a maximum ATR reduction
of 90% is realised, at the cost of a 5% DOC increase relative to the A330-200. By current
standards, this operating point is unconventional; practical implications of this choice on
the passengers, airlines, airports and air traffic control are discussed in Section 4.7.
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Figure 10. Variation of ATR and DOC relative to the A330-200 operating at Mach 0.82 and 11,250 m.



Aerospace 2022, 9, 436 16 of 24

By fixing the altitude or Mach number to a reference value, and performing a sweep
over the other parameter, more accurate information about the behaviour of individual
ATR and DOC constituents can be obtained. In the following, comparisons are made with
the results for an A330-200 on the 6650 km route from Detroit to Frankfurt (0.725 cruise
Mach number and 8230 m cruise altitude) presented in [2].

Figures 11 and 12 depict the variation of ATR as a function of Mach number and
altitude, respectively. The ATR contributions of all climate agents (dashed lines) sum up
to the total ATR (solid black line), and are expressed relative to the A330-200 operating at
Mach 0.82 and 10,973 m altitude [2]. The total ATR graph in Figure 11a is bucket-shaped,
with a minimum at Mach 0.63, resulting in the lowest fuel burn. The amount of emitted
CO2, H2O, SO4, and soot scales with the burnt fuel mass, hence the corresponding lines
follow the trend observed in Figure 9a. At constant altitude, the climate forcing of the NOx
depletion products O3 and CH4 (blue graphs) solely depends on the amount of emitted
NOx, which is minimised at Mach 0.575. The dominance of O3 compared to Figure 12 is a
direct consequence of the lower CO2 footprint.

Unlike in Figure 11a, the total ATR in Figure 12a depends on both the amount of
emissions and the climate impact per unit mass. The total ATR increases steadily with
altitude, owing to the dominance of NOx-depleted warming O3, whereas the cooling
impact of CH4 diminishes with altitude. In both Figure 12a,b, the contribution from
CO2 reduces with altitude, although less so for the current design, whose open rotor
engines operate inefficiently at high altitudes. Moreover, the climate impact model in
Section 3 assumes an altitude-invariant contribution of H2O, whereas according to [2] the
atmospheric lifetime of H2O increases with altitude. This assumption does not affect the
accuracy of the ATR gain reported in this study, since the altitude-dependency of ATRH2O
in Figure 12 is negligible below 8000 m. Overall, the ATR gain of the current design is
higher than that of the A330-200 under the same operating conditions, underpinning the
climate impact reduction potential of open rotor engines, SAFs, riblets and NLF airfoils.
Nonetheless, Figures 11b and 12b have shown that considerable ATR gains can be achieved
even without modifying the aircraft, merely by flying lower and slower (up to 61.9% at
Mach 0.55 and 4220 m altitude [2]). However, as will be demonstrated hereafter, this incurs
a substantial DOC penalty (30.2% for the aforementioned conditions [2]).
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Figure 11. ATR variation with Mach number relative to the A330-200 operating at Mach 0.82 and
10,973 m (A330-200 data from [2]).
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Figure 12. ATR variation with altitude relative to the A330-200 operating at Mach 0.82 and 10,973 m
(A330-200 data from [2]).

An analogous comparison of the DOC components (dashed lines) is made in
Figures 13 and 14, where the sum of fuel, maintenance and crew costs, as well as navi-
gation charges, landing fees, and depreciation constitute the total relative DOC (solid black
line). For the purpose of this comparison, the relative cash operating cost (COCrel) used
in [2] is considered equivalent to DOCrel . Both the current design and the A330-200 in
Figure 13 follow the trend of time-dependent costs (maintenance, crew and depreciation).
In particular, the fuel costs scale directly with fuel burn, which exhibits a minimum at
Mach 0.65 for the current design, and at Mach 0.68 for the A330-200. This difference is
both due to the different propulsion systems and airfoils. Similarly, the DOC contributions
from depreciation, maintenance, and crew costs reduce with increasing Mach number,
as more revenue-generating flights can be conducted within the same flight hours. Finally,
navigation charges and landing fees solely depend on the MTOW and distance flown [2],
hence they are invariant with Mach number and altitude.
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Figure 13. DOC/COC variation with Mach number relative to the A330-200 operating at Mach 0.82
and 10,973 m (A330-200 data from [2]).

Minor differences in the altitude-dependency of DOC are observed between Figure 14a
and Figure 14b. The time-dependent DOC components of the A330-200 exhibit marginal
increases with altitude due to the increased mission time for longer climb and descent
segments, as well as the lower ambient temperatures, translating into a lower ground
speed for the same Mach number. These effects are absent in the current design due to the
constant-cruise mission assumed in this sensitivity study. In general, however, the time-
dependent costs mainly depend on Mach number, as was previously shown in Figure 10b.
These results demonstrate that operating the A330-200 at lower cruise Mach numbers
and/or altitudes incurs a substantial DOC penalty. In contrast, the current design suggests
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that, by redesigning the airframe and implementing novel technologies, the increase in
DOC can be limited, whilst achieving much larger reductions in climate impact.

7000 8000 9000 10,000 11,000
Altitude (m)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

D
O

C r
el

 (-
)

Total
Fuel
Fees

Maintenance + Crew
Depreciation

(a) Relative DOC of current design at Mach 0.725

7000 8000 9000 10,000 11,000
Mach number (-)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

CO
C r

el
 (-

)

Total
Fuel

Fees
Maintenance + Crew

(b) Relative COC of A330-200 at Mach 0.725

Figure 14. DOC/COC variation with altitude relative to the A330-200 operating at Mach 0.82 and
10,973 m (A330-200 data from [2]).

4.5. Life-Cycle Climate Impact

Hitherto only the operational (OP) ATR footprint has been considered. To provide an
estimation of the life-cycle ATR footprint, the contributions from manufacturing (MAN)
and end-of-life (EOL) processes must be included. The amount of CO2 produced during
manufacturing and EOL was obtained from the Ansys Granta EduPack software, and then
converted into ATRCO2 via the climate model outlined in Section 3. The operational
ATRCO2 comprises 35 years in service and 12.49 average daily airborne hours, where,
for better comparability, only the contribution from CO2 was considered.

Table 4 associates an overwhelming majority (99.7%) of the current design’s life-cycle
climate impact with the operating life. Other sources report similar values for commercial
aircraft [50]. The right column lists the gain relative to the A330-200, where the 63.9%
reduction during operations is less than that including all greenhouse gases (approximately
90%). By employing advanced manufacturing techniques, such as out-of-autoclave curing
for composite airframe sections, the ATRCO2 due to manufacturing could be reduced by
35.2%, however, the offsetting potential is limited by the energy demand of the recycling
process itself. The overall life-cycle ATRCO2 reduction equals 63.84%, and is thus heavily
dominated by aircraft operations.

Table 4. ATR contributions from various life-cycle stages

Life-Cycle Phase Current Design A330-200 Relative Gain (%)

Manufacturing (%) 0.32 0.18 −35.24
Operations (%) 99.69 99.85 −63.90
End-of-life (%) −0.01 −0.03 −85.03

4.6. Performance Breakdown per Novel Design Feature

To shed light on the relative contribution from each of the considered design features,
computations were performed to establish the relative ATR and DOC of design alternatives
in which some of these features were omitted. For this analysis, it was assumed that the
removal of features did not require a complete reconfiguration of the base design. Thus,
for a fixed ATR-optimised aircraft using open rotor engines, cruising at a Mach number of
0.63 and at an altitude of 5000 m, the drag model and engine sizing were re-evaluated for
each design alternative.

Computations were made to determine the relative ATR and DOC between the current
aircraft and the A330-200 on their respective optimum mission profile (cruise Mach numbers
of 0.63 and 0.82, and cruise altitudes of 5000 m and 11,250 m. As expected, the design
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which performed best in terms of its ATR reduction used all of the novel design features.
It is therefore interesting to observe how the other design alternatives perform relative to
this optimum baseline. The baseline design realised a relative ATR reduction of 89.8% at a
DOC increase of 7.3%. In this section, the ATR and DOC have been computed using the
accurate mission profiles from SUAVE shown in Figure 5. This differs from the foregoing
sensitivity analysis, where ATR and DOC were computed for a simplified constant-cruise
mission, although the numerical difference is small, thus validating this assumption.

Figure 15 shows the change in the relative ATR and DOC results with respect to the
optimum baseline. For simplification, unique identifier codes were assigned to distinguish
between different combinations of technologies. These are: P for the open rotor engine,
R for riblets, F for synthetic kerosene, NACA for the use of the NACA 63(3)-418 airfoil,
and SC for the use of the SC(2)-0414 airfoil.

In Figure 15a, design alternatives which use the NLF NACA airfoil outperform those
using the supercritical airfoil by 1–2% in terms of their ATR performance. Using the Class
II drag model, the CD of the PRFNACA design is 11.4% lower than its PRFSC counterpart
at Mach 0.63, making the NLF airfoil more effective at lower Mach numbers. Since ATR
reduction is related to drag reduction, at lower-than-conventional Mach numbers, design
alternatives using the NLF airfoil will realise greater ATR reductions than those using a
supercritical one. The use of riblets, as the choice of airfoil, has an effect on the ATR through
its drag-reducing properties. Using the Class II drag model, the CD of the PRFNACA is 3.3%
lower than its PFNACA counterpart at Mach 0.63. This lower impact on drag reduction
directly correlates to a less significant ATR gain, realising ATR reductions of less than
1% relative to non-riblet-using designs. The final and most prominent design feature is
that pertaining to the choice of synthetic kerosene. Each design alternative that used FTK
performed substantially better than its non-FTK counterpart, realising ATR reductions
between 8 and 10%. In a 50% blend mixture, FTK boasts a 42.5% reduction in CO2 emissions,
which in this case outperforms the relative drag benefit of adopting riblets or an NLF airfoil.

Figure 15b shows the DOC performance of each of the design alternatives relative to
PRFNACA. Designs which used 50% FTK realised a DOC increase, whilst those that used
only Jet A-1 fuel realised a DOC decrease relative to the A330-200. Given the assumption
that the price of FTK is 1.8 times that of conventional Jet A-1 fuel, and that the fuel price
constitutes the most significant component of the DOC model, it is reasonable to expect
that design alternatives that use FTK experience relatively large DOC increases compared
to their non-FTK conjugates. For design alternatives that adopted NLF airfoils or riblets,
it was assumed that these incurred no extra maintenance costs. Therefore, the changes in
DOC were solely a consequence of the reduced total fuel burn caused by the reduced drag.
Hence, it is reasonable to expect that design choices that utilise NLF airfoils and riblets
underestimate DOC increases relative to their non-NLF and -riblet counterparts.

Improving the estimates of the effects of NLF and riblets on DOC would require
estimates of their associated increases in maintenance frequency. This in turn requires
an optimisation with inputs such as anticipated labour costs, changing contamination
rates as a function of local conditions and time of year, and the anticipated price of the
fuel saved [21]. Such an optimisation was not performed for this study due to a lack
of appropriate data. However [21] indicates that in most scenarios the majority of the
gains of NLF are realised after such optimisations are performed. For riblets, on the
other hand, the cost of maintenance has been steadily decreasing, due to advancements in
manufacturing techniques such as direct contactless microfabrication [23–25].

Based on the previous observations, design alternatives that used FTK realised both
the largest ATR reductions and DOC increases relative to an A330-200 on its optimum
mission profile. Therefore, for an airline interested in using FTK, a compromise must be
found between a desired ATR reduction and the DOC increase they are willing to bear.
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Figure 15. ATR and DOC performance for each design alternative, relative to the baseline PRFNACA
which adopts all of the novel design features.

4.7. Implications of Revised Operating Conditions

The implications of commercial aircraft operation at reduced Mach numbers and
altitudes are by no means restricted to ATR and DOC. In fact, several stakeholders within
the air transportation system including passengers, airlines, airports, and air traffic control,
would be affected either directly or indirectly by such operational changes.

Implications for passengers on the exemplary 8000 km flight from Tokyo to Vancouver
include a 1 h 40 min increase in travel time (Table 3), higher ticket prices and reduced
travel comfort as a result of the increased turbulence levels at low altitudes. With regards
to airline operability, longer flight times may conflict with night-flight bans at airports such
as Frankfurt, or result in failure to meet buffer times for passengers on connecting flights.
Unless the payload capacity of such new aircraft is higher than of those which they replace,
or additional aircraft are commissioned, airline revenues will reduce. More importantly,
a lower airline passenger capacity stands in conflict with a projected global passenger
growth rate of 1.5–3.8% over the next 20 years [51]. For airports, altered flight schedules
imply a shift in peak load times, potentially impacting the traffic capacity and availability
of landing and take-off slots [2]. As was shown at the beginning of this chapter, aircraft
optimised for lower Mach numbers and altitudes feature larger wing spans, increasing
the demand for scarce ICAO Code F gates reserved for aircraft with wing spans between
65 m and 80 m [2]. The transition from high- to low-altitude operation will not take place
overnight, and each airline will have to make a trade-off between lower ATR and higher
DOC on a case-by-case basis. This circumstance will lead to a more heterogeneous air space
utilisation and raise the number of air traffic control conflicts, demanding more frequent
corrective actions. This scenario can only be mitigated by employing additional air traffic
control staff, which will raise air navigation charges, and therewith DOC. Finally, aircraft
operating at lower cruise altitudes will not be able to take advantage of the natural jet
stream occurring between 8 and 11 km altitude, which is leveraged by current transatlantic
airliners as a means of reducing flight times and fuel consumption [52]. From a safety
perspective, at low altitudes the flight icing threat increases, where supercooled liquid
water contained in clouds freezes as it comes in contact with the aircraft skin, increasing
the drag and deteriorating the lift-generating capability of the airframe [53].

Quantifying the impact of the above implications is beyond the scope of this work,
but they must eventually be considered for the practical implementation of the current design.

5. Conclusions

In light of upcoming environmental legislation, aircraft manufacturers and operators
will need short-term, cost-effective solutions to reduce aircraft emissions. Thus, the objective
of this work has been to assess the climate impact mitigation potential of optimised flight
profile parameters, combined with novel design features, as well as determine their adverse
impact on DOC.
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Compared to the Airbus A330-200, the resulting design achieved an 89.8% reduction in
ATR, with a 7.3% increase in DOC. A sensitivity study was conducted for a Mach number range
of 0.4–0.9 and an altitude range of 5000 m to 9000 m, which revealed that ATR scales primarily
with altitude, whereas DOC varies almost exclusively with Mach number. It was found that by
cruising at a low altitude and just below the critical Mach number, a good compromise between
minimal climate impact and acceptable economic profitability can be achieved.

Amongst the various measures considered, the most impactful in terms of ATR and
DOC was the modification of mission parameters, followed by the use of open rotor en-
gines, and synthetic aviation fuels. Although the application of riblets and NLF airfoils
reduced the drag, their contribution to the overall ATR reduction was of secondary impor-
tance. On the other hand, the use of synthetic aviation fuel compromised DOC the most,
although this was partially mitigated by the high efficiency of the open rotor engines.

Aside from gauging the technical feasibility of achieving near-term climate goals, this
paper highlighted some of the operational challenges which must be overcome to ensure
that designs such as the current one reach operational maturity. Specifically, challenges
related to the increased turbulence and icing levels at lower altitudes remain to be addressed,
alongside logistical changes necessary to accommodate both longer flights and longer
wings. If these challenges can be overcome, however, the environmental benefits would
be substantial.
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Appendix A

A list of top-level aircraft design requirements is given below:

1. The aircraft shall have a maximum operating range of 8000 km
2. The maximum flight time for the distance in 1. shall not exceed 16 h
3. The aircraft shall accommodate 250 passengers
4. The aircraft shall operate from runways of 2500 m in length
5. The aircraft shall operate in crosswinds of 25 kts
6. The aircraft shall operate in all weather conditions, including at least CAT II landings,

with diversion capabilities
7. In addition to standard CS-25 certification requirements, the safety and reliability of

the passive flow control devices shall be assessed
8. The aircraft shall make use of laminar flow control to delay laminar-to-turbulent

transition
9. The aircraft shall employ riblets to reduce turbulent skin-friction drag
10. The aircraft shall utilise appropriate materials in manufacturing
11. The aircraft design shall include an end-of-life plan for all system components
12. The aircraft shall minimise ATR with no more than a 15% increase in DOC relative to

an A330-200
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